We report on the growth of carbon nanowalls and few-layer graphene sheets on glass substrates coated with different transparent conductive oxides or gold. The growth is accomplished by a capacitively-coupled radio-frequency plasma-enhanced chemical vapor deposition setup with a gas mixture of C 2 H 2 , H 2 , and Ar or He. This system allows the synthesis of thin vertical carbon nanosheets without catalyst at mild reaction conditions due to the low plasma density, which is preferable for sensitive substrate materials. In fact, the electrical properties of the transparent conductive indium tin oxide and fluorinedoped tin oxide stay intact upon carbon growth. Carbon nanowalls and few-layer graphene sheets on transparent conductive oxides are promising candidates for solar-cell applications while these nanostructures on gold coated glass can act as catalyst support material.
Introduction
New syntheses and copious functionalization of conductive substrates are required to enhance the performance of several electrochemical devices. To reach a high current density, a big surface-to-volume ratio has to be created. Certain ap-plications such as solar cells or light emitting devices (LEDs) often require transparent conductive substrates. A relatively simple and quite effective way to create such a substrate is to coat a common transparent plane material with a thin layer of graphene [1] . Plane graphene layers on substrates were already synthesized by several groups, mainly on copper, nickel and silicon carbide [2] [3] [4] [5] . Also it has been shown already that vertically oriented graphene layers, so-called few-layer graphene (FLG) sheets with a thickness <1-5 nm or carbon nanowalls (CNWs) with a larger thickness of >5 nm, can be synthesized on substrates. The maze-like structure of the conducting carbon nanosheets or -walls leads to a large surfaceto-volume ratio what makes them a promising support material for electrochemical applications, such as fuel cells [6] [7] [8] , super capacitors [9, 10] , lithium-ion batteries [11, 12] , field emitters [13] and solar cells [14] [15] [16] . The exact shape and the physical properties of these graphene-like nanostructures are strongly depending on the synthesis conditions and on the quality of the substrates used [17] [18] [19] [20] [21] [22] [23] [24] [25] .
The most commonly used method to prepare CNWs or FLG sheets is the plasma-enhanced chemical vapor deposition (PECVD) using methane and hydrogen as reactants, while arc discharge methods are less frequently used [26] . However, due to variations in the technical details of PECVD setups the quality of the samples can be very different, as is documented in the literature. For example Wang/Zhu et al. [13, [27] [28] [29] and Seo et al. [18] used an inductively-coupled RF PECVD with 13.56 MHz, Suzuki et al. [17] and Vitchev et al. [30] used a MPECVD with 2.45 GHz, and Kondo et al. [31] or Hiramatsu et al. [20] used a capacitivelycoupled VHF (100 MHz) PECVD system with hydrogen radical injection and C 2 F 6 as carbon precursor. An overview of different methods is shown in Ref. [32] .
The PECVD setup used for the work presented here has a capacitively-coupled (CC) radio-frequency (RF) plasma. It should be noted that in earlier studies [19, 20] it was argued and shown that such CC-PECVD with only H 2 as etchant should not be suitable for the synthesis of CNWs and FLG, due to the low plasma density and the lack of hydrogen radicals, which are proposed to have an important role in CNW formation [19, 29, 33] . However, Cott et al. [9] later experimentally proved that it is after all possible to synthesize FLG sheets at high temperatures using such a CC-PECVD setup. In this work here, we show that it is not only possible to grow CNWs and FLG with CC-PECVD, but also that this method has several advantages over above mentioned inductively-coupled RF or microwave enhanced plasmas with their more harsh reaction conditions. For example, we demonstrate that due to the low concentration of reactive hydrogen it is possible to use sensitive transparent conductive oxide (TCO) substrates such as indium tin oxide (ITO) and fluorine-doped tin oxide (FTO) as support and to perform the CNW or FLG growth reaction at temperatures of 500-650 ∘ C. We show that the use of helium instead of argon as an auxiliary gas is beneficial for the growth of well-crystalline FLG sheets since it avoids bombardment effects and enhances the amount of hydrogen radicals in the plasma. In our study, we have systematically varied several reaction conditions such as reaction time and gas flow to control the morphology and thickness of the CNWs and FLG sheets in a desired way.
Experimental

Experimental setup
For synthesis, a custom-built capacitively-coupled radio-frequency (13.56 MHz)
plasma-enhanced CVD (CC-PECVD) setup was used. The substrate temperature was controlled by a resistively heatable stage which served also as counter electrode.
Synthesis of CNWs on ITO
ITO coated aluminosilicate glass (20 × 20 × 0.7 mm, sheet resistance 30 ± 2 ) was used as substrate. Prior to the synthesis it was cleaned by ultra sonification in 2-propanol followed by water and oxygen plasma treatment for 3 min. If required a 5 nm thick iron/tungsten film was evaporated/sputtered on the substrates. During the synthesis the heating stage was set to 500 ∘ C. A gas mixture of C 2 H 2 , H 2
and Ar with flow rates of 24, 90, and 50 standard cubic centimeters per minute (sccm), respectively, was used. The plasma power and the total pressure were set to 10 W and 15-16 mbar, respectively. The reaction time was 5-120 min.
Synthesis of CNWs or FLG sheets on FTO
FTO coated (∼ 20 × ∼ 20 × 1.1 mm, sheet resistance 15 ± 2 ) aluminosilicate glass was used as substrate. Prior synthesis it was cleaned by ultra sonification in 2-propanol followed by water and oxygen plasma treatment for 3 min. The heating stage was set to 500-650 ∘ C and the plasma power and the total pressure were set to 30 W and 11-12 mbar, respectively. A gas mixture of C 2 H 2 , H 2 , and He with flow rates of 16, 80, and 70 sccm, respectively, was used. Here the reaction time was always 30 min.
Synthesis of FLG sheets on gold coated glass
Gold coated aluminosilicate glass (20 × 20 × 0.7 mm, 80 nm thick gold film) was used as substrate, which was heated to 650 ∘ C. A gas mixture of C 2 H 2 , H 2 , and He with flow rates of 10, 80, and 70 sccm, respectively, was used. The plasma power and the total pressure were set to 30 W and 11-12 mbar and the reaction time was 60 min.
Material characterization
Scanning electron microcopy (SEM) images were obtained using a FEI Quanta 3D
FEG under similar conditions with an acceleration voltage of 5 kV. Raman measurements were performed using an excitation wavelength of 532 nm (Verdi V10, Coherent) and a power density at the sample of approx. The electrical resistance of the substrates was measured before and after synthesis by a Keithley 2400 Sourcemeter which possesses a "4-wire-sensing" mode. To contact the surface reproducible (same area and pressure) without destroying the layer of vertical carbon nanostructures, four mercury-filled cannulas were placed directly above the surface. The vertical distance had to be short enough to inhibit the mercury to flow out of the cannulas. The horizontal distances between the contact points were set to 5 mm. The measured values were multiplied by / ln 2 to get the sheet resistance. trend for every sample is that the spacing between individual sheets is increasing for longer growth times. This effect is already mentioned by Hiramatsu and Hori [20] and is attributed to a shadowing effect of the upmost sheets on the lowlying sheets. Figure 2a shows a cross sectional SEM image of the CNWs on bare ITO after 150 min growth time, from which the layer thickness can be determined. This image supports the model after which the CNWs are more densely packed close to the ITO interface, while a fewer amount of CNWs continues to grow for longer growing periods.
Results and discussion
Optical and SEM characterization
Besides the layer thickness, the optical density can be measured by UV-Vis spectroscopy to estimate the amount of deposited carbon nanomaterial on the substrate. In Figure 2b we compare the measured optical densities and thicknesses for CNWs of the samples shown in Figure 1 . Basically we found that there is an almost linear dependence of the optical density and layer thickness upon CNW growth time for every substrate. From the slope it can be estimated that the main growth rate is ∼300 nm/h, similar to values as reported in [9] . Also it can be seen that a growth time of only some minutes is sufficient to grow upright standing CNWs with a layer thickness below 50 nm that absorb already more than 50% (0.3 OD) of the light intensity at the wavelength 550 nm. After one hour growth time, the CNWs absorb roughly 99% (2 OD) of the light intensity.
A difference in the evolution of the optical density of the CNWs on different substrates can only be observed for very short growth periods, i.e., for growth times of 0-15 min. We found that especially during the first 5 min of growth the OD was always higher for CNW samples where the ITO was covered with iron prior to the growth. This is consistent with the SEM results of Figure 1 , which show a faster formation of CNW structures on the ITO/Fe substrates (row b). Presumably the iron acts as a catalyst for the initiation of CNWs. Similar to the CNT growth mechanism, the carbon species can dissolve in the iron structures on the surface and form carbon nanostructures upon oversaturation. In contrast to CNTs they might firstly form a very dense black carbon/carbide layer, from which the CNWs will be formed at later stages. Similar surface effects have also been observed before [23, 24, 34] . A small but reproducible enhancement in growth rate within the first minutes is also observed for CNWs on tungsten films, even though tungsten is not as reactive as iron at the reaction temperature of 500 ∘ C. This can possibly be explained by a better adhesion of carbon on tungsten than on ITO mediated by the formation of a very thin tungsten carbide layer. In the next step we investigated the effect of different growth temperatures on the morphology of the grown carbon nanostructures. Firstly we found that ITO is not suited to be used at reaction temperatures higher than 500 ∘ C, because it degrades and forms indium droplets under the reductive conditions as described in the experimental section. Hence we used FTO, which is chemically more resistant than ITO and allows a synthesis series with increasing growth temperature. Additionally for this substrate the plasma power could be increased from 10 to 30 watts and the ratio of carbon precursor (acetylene) to hydrogen was decreased to 1 : 5. The auxiliary gas argon was replaced by helium because this seems to enhance the amount of reactive hydrogen in the plasma and lowers possible ion bombardment effects at higher plasma energies.
SEM images of the carbon nanostructures grown between 500-650 ∘ C are shown in Figure 3a -d together with the corresponding film thickness and optical density in Figure 3e . It can be seen that the structures grown at 500 ∘ C have a film thickness of 150-200 nm, similar as the structures on ITO (cf. Figs. 1 and 2 ).
On the other hand, the OD for this structure is already twice as high, indicating the formation of carbon nanostructures with a larger absorption cross section. For higher reaction temperatures, the OD and film thickness is increasing as a result of a higher growth rate. A closer look also reveals a gradual change in the structure of the nanosheets. Especially in comparison between the lowest growth temperature (a, 500 ∘ C) and the highest temperature (d, 650 ∘ C) it can be seen that the sheets become very thin and partly transparent. This is an indication for a structural transition from relatively thick CNWs grown at lower temperatures toward very thin few-layer graphene sheets grown at higher temperatures.
To increase the amount of FLG in the structure we further decreased the ratio of acetylene to hydrogen to a value of C 2 H 2 1 : 8 H 2 . At this reaction condition however, also FTO was reduced within seconds and could not be used as a conductive substrate. Hence we performed the growth on aluminosilicate glass which was covered with a thin gold film (80 nm) prior to the growth, to maintain the conductivity, but only partial transparency of the substrate. Figure 4 shows SEM images of such prepared carbon nanostructures, which are very thin and farther separated compared to the sheets obtained on FTO and ITO. The sheets are partly transparent in the SEM at 5 kV, which indicates their low thickness especially at the upper edges. Also, as an interesting feature, a veined surface can be seen on the plane sites of the sheets. This cannot be explained so far and has not been reported yet for sheets synthesized by other research groups.
Obviously there is a transition from a CNW-to FLG-growth mode by increasing the reaction temperature and the amount of atomic hydrogen simultaneously. This can be explained by the faster diffusion of carbon species on the planar sites of the sheets at higher temperature leading to a faster and preferred growth at the sheet rim. Atomic hydrogen etches amorphous carbon defects and planar bond carbon effective especially at high substrate temperatures [28] . Therefore both effects lead to thinner sheets.
Raman spectroscopy
In order to compare the intrinsic structure of the different carbon nanosheets, we performed Raman spectroscopy. In principle, Raman spectroscopy is a very powerful tool to investigate the quality of graphene-like materials, because the spectra show several bands, the most prominent of which are the D-mode at ∼1350 cm −1 , the G-mode at ∼1580 cm −1 , the D -mode at ∼1620 cm −1 and the (G -or) 2D-mode at ∼2700 cm
Each of those modes can be used to address different structural property of the graphene-like material. For example, the D-and D -modes are so called disorder induced bands which cannot be seen in defect-free graphene or graphite at all. Basically the relative intensity of the D-mode correlates with the extension of the -conjugated system and hence increases with the amount of defects in the graphene structure, while the intensity of D -mode is even depending on the type of defect [35] . The G-mode is correlated to bond stretching vibrations between neighbor sp 2 carbon atoms [24] , while the second order (G -or) 2D-mode is used to determine the number of layers in graphene [36] . For qualitative purposes the intensity ratios and width of peaks are most often used as indicator for the quality of the samples. For example, the crystallinity in graphitic carbon is correlated with the I D /I G -ratio, where a small value correlates to a high degree of crystallinity [24, 37, 38] . The number of graphene layers can be estimated on the basis of the I 2D /I G -ratio, where a single graphene layer shows roughly a ratio of 4, while graphite and few-layer graphene shows much lower values [39] . Finally the I D /I D -ratio seems to depend on the nature of the defects in graphene [35] .
A comparison of the Raman spectra of different CNW and FLG samples to sputtered carbon as a purely amorphous structure and a single graphene layer as a highly crystalline -conjugates structure is shown in Figure 5 . The graphene sample has been grown via CVD on copper foil and has been transferred to a glass substrate, as described in Refs. [40, 41] . Since the Raman spectra for CNWs on ITO are nearly identical for different growth times and substrates used, we show only one spectrum for CNWs on bare ITO after a growth time of 60 min. Table 1 ). The broadness of the G-and D -modes complicates their clear distinction. The broad spectral bands together with additional peaks at ∼1140 cm −1 and Table 1 . The much smaller width of all peaks of FLG sheets is a good indicator for a better crystallinity and homogeneity as compared to the CNWs. However, the widths of the bands are still broader than those of single layer graphene sheets, which exhibit the 2D-mode at 2682 cm to the FLG case. Doing so leads to fitting results as given in Table 1 . For I D /I G we find a value of 6.1. Thus, the sequence of I D /I G -ratios is consistent with the sequence of peak FWHMs of our PECVD grown samples, showing that FLG sheets synthesized on Au have the lowest density of defects while CNWs on ITO are more inhomogeneous than the FLG sheets.
Finally the position and shape of the 2D-mode can be used as a measure for the number of graphene layers within a sheet, where a single layer graphene shows a single Lorentzian band profile. In Figure 5 it can be seen that the 2D-modes of the FLG sheets grown on gold shows very symmetric Lorentzian profiles, although they consist of several layers. This can be explained by turbostratic stacking of the layers. Observable differences are a higher FWHM and a shift of the mode to higher wavenumbers for turbostratic FLG [36, 39] . Figure 6 shows Raman spectra of the CNW and FLG samples grown at different temperatures on FTO, which have been already addressed in Figure 3 . It be-comes obvious that with increasing reaction temperature the spectra of the samples show a decrease of FWHM for all modes. This indicates a more homogeneous structure at higher growth temperatures. Additionally the I 2D /I G ratio increases which can be explained by the formation of thinner sheets at higher temperatures.
Hence a low reaction temperature (like 500 ∘ C) leads to thicker sheets with a more disordered structure.
Electrical characterization -measurement of the sheet resistance
The substrates have been electrically characterized by measuring their sheet resistance before and after the synthesis of the carbon structures. An increase in sheet resistance between the samples before and after synthesis reaction would most likely imply a damage of the TCO layer caused by the synthesis. Since we performed the electrical measurement with a 4-point probe method as described in the experimental section, we assume that the main current flows firstly from the contacts through the carbon nanostructure and further through the conductive (TCO-) surface layer ( Figure 7 ). The resistivity of the substrates before synthesis of the carbon nanostructures was measured to be in the range of 30 ± 2 for ITO (as purchased). The sheet resistance of carbon nanostructures grown on pure glass and of sputtered 5 nm thick iron and tungsten films have also been measured. All three layers have a very high sheet resistance in comparison to ITO of >1 k .
Hence the conductivity of our samples is essentially determined by the conductivity of ITO layer. Even though it is difficult to determine the exact wetting of the carbon structure [42] [43] [44] [45] , the experimental setup to measure the sheet resistances with the help of hanging mercury droplets allows a reproducible measurement with a same electrode distance and -area without damaging the sample. Figure 8 shows the sheet resistance of CNW samples grown on the different ITO substrates in relation to the growth time. In general, the resistance of all ITO samples is in no case drastically increasing during the growth time. This proves that the transparent conductive ITO films stay essentially intact during the carbon growth and that the structure consisting of carbon nanosheets on conductive layers can still be used for electrical applications. Interestingly, the resistance of ITO samples with metal films (iron or tungsten) is in the range of ∼10-25 for all growth times and thus lower than the value of the bare ITO samples before synthesis (∼30 ). Also, the resistance of ITO without metal films is for small growth times smaller than before synthesis. Such lower resistances can be explained by an annealing effect of ITO at high temperatures present in the growth chamber, as is described by Song et al. [46] .
One might speculate on the origin of the generally higher resistances of ITO without metal films as compared to ITO samples with metal. This effect might be due to a slight damaging of the ITO layer by the plasma, in particular during the starting growth period before the ITO is protected by the grown carbon structures. Such a damaging does not occur for ITO with a metal film since the film can act as a protective coating. A further possibility might be the formation of an amorphous carbon interface layer between ITO and CNWs, which is prevented when ITO is covered by a metal.
Conclusions
CNWs and FLG sheets were synthesized on TCOs and inert conductive substrate materials by a PECVD method with a capacitively-coupled RF-plasma. This setup allows syntheses under mild conditions without damaging chemically sensitive substrates like ITO. The sheet resistances of all TCO coated substrates remained very low after the growth process, such that the carbon nanosheets on TCO substrates are well suited to be used as high surface electrode structures in electronic devices such as batteries or fuel cells.
The average growth rates of CNWs on ITO coated substrates are in the range of 300 nm/h. Thin metal films of iron or tungsten on the ITO seem to change the formation of the intermediate layer and enhance the growth speed especially in the initial growth period. This metal protection is also beneficial to protect the ITO against the aggressive plasma atmosphere. After 60 min reaction time the further growth of CNWs is independent of the substrate. On FTO, which is chemically more resistant than ITO, we observed a transition in growth from CNWs to FLG sheets at higher reaction temperatures. Higher reaction temperatures also lead to thinner sheets and higher growth rates of ∼600 nm/h at 650 ∘ C. For these syntheses we have used helium instead of argon as an auxiliary gas. Helium is advantageously in comparison to argon because it has no bombardment effect which would lead to more branched structures. Helium also seems to enhance the amount of atomic hydrogen in the plasma, which leads to more effective etching of low-bond (planar-bond/amorphous) carbon species and therefore enables the synthesis of thinner carbon sheets. Finally by lowering the amount of carbon precursor we could synthesize ultra-thin and highly crystalline FLG sheets on an inert conductive substrate material. These samples are an ideal support material for catalytic and energy storage applications in the future.
